The distribution and localization of iodocompounds reaching the brain during early development were measured In rat PIlPS nurtured on ( 125 1)-containing milk from dams receh'ing' daily (' 25 I)-iodide injections. The regimen produced no measurable·· changes in growth and development of the offspring during the nursing period. Pup brains accumulated labeled iodocompounds at a faster rate than they grew and accumulated protein. The ratio of e 25 I)-iodocompounds in cerebrum relative to skeletal muscle increased progressively from day 11 through day 19. Significant differences in distribution of radioactivity in different brain regions were evident on day 1; developmental progress was associated with significantly different rates of regional accumulation of the isotope. On day 1 only 10% of the radioactivity in the postnuclear supernatant phase of brain homogenates was particle-bound; at the time of weaning, radioactivity in· brain particles accounted for more than 50%. Growing nerve cell processes and myelin, known to be major targets of early thyroid-hormone deficiency or excess, were also the major subcellular sites of ( 125 I(-iodocompound localization in the developing rat brain. Overall, the ontogeny reflected progressive elaboration of iodocompound-processing neural systems resembling those recently recognized in adult brain.
Summary
The distribution and localization of iodocompounds reaching the brain during early development were measured In rat PIlPS nurtured on ( 125 1)-containing milk from dams receh'ing' daily (' 25 I)-iodide injections. The regimen produced no measurable·· changes in growth and development of the offspring during the nursing period. Pup brains accumulated labeled iodocompounds at a faster rate than they grew and accumulated protein. The ratio of e 25 I)-iodocompounds in cerebrum relative to skeletal muscle increased progressively from day 11 through day 19. Significant differences in distribution of radioactivity in different brain regions were evident on day 1; developmental progress was associated with significantly different rates of regional accumulation of the isotope. On day 1 only 10% of the radioactivity in the postnuclear supernatant phase of brain homogenates was particle-bound; at the time of weaning, radioactivity in· brain particles accounted for more than 50%. Growing nerve cell processes and myelin, known to be major targets of early thyroid-hormone deficiency or excess, were also the major subcellular sites of ( 125 I(-iodocompound localization in the developing rat brain. Overall, the ontogeny reflected progressive elaboration of iodocompound-processing neural systems resembling those recently recognized in adult brain.
Speculation
Early deficiencies or excesses of aromatic amino acids are known to cause irreversible brain damage, presumably as a result of altered substrate availability for specific neural systems (1). A similar process may account for permanent brain changes resulting from abnormal iodocompound availability during the perinatal period.
Irreversible defects in human brain structure and funation occur when hypothyroidism prevails during the perinatal period. Studies conducted to analyze'the pathophysiology of this deficiency state in experimental animals reveal derangements in growth of nerve cell processes, myelination, and synaptogenesis (~I). The mechanism underlying the stunted neural outgrowth 1S unknown, although, reduced· availability of nerve growth factor~2~) and abnormalities in the evolution of protein, carbohydrate, lIp1d, and nucleic acid metabolism (15) are thought to desynchronize irreversibly the course of neural development. . . As compared with the wealth of mformatton documentmg~he numerous brain abnormalities caused by perinatal hypothyro1d-ism, much less is known about ah'e nature and distribution of iodocompounds reaching the brain during early development (12 rates, and also were the source of unlabeled tissues put to a variety of uses as subsequently described. . Preparation of tissues.~pre?etermined nu~ber of nurslIngs were examined at each tlme mterval. Nurslmgs were chosen randomly, one each, from within each litte.r; the litt~r order was rotated systematically so as to avoid selectlvedepletlon ?r overrepresentation of anyone set of siblings. Each nurslIng was weighed and decapitated immediately after removal from the mother; trunk blood, collected by Pasteur pipette from the decapitation wound, was kept on ice to await clot retraction and subsequent separation by centrifugation. The thy~oid~rea~were dissected en bloc and immediately frozen to await estlmatton of radioactivity. Brains were dissected quickly .on a chilled sla.b, weighed and then handled according to the o?Ject. o~t~e an~lysis. To measure total brain iodocompounds*, radIOaCtiVity m umfonn aliquot portions of brain homogenates were measured in a refrigerated Packard auto-gamma counter, with efficiency f~r C25Il.7 0%. For regional distribution studies, brains were qUlck~y diSsected into cerebrum, cerebellum, hypothalamus, corpus stnatum, and brain stem accoding to the method of Glowinski and Iversen (13) . Individual regions were weighed, .immediatel~frozen, .and radioactivity was measured directly, witho~~thawmg;.prevIOus studies having shown that under these conditions, the differences in mass and geometry from one brain region to another had no significant effect on counting efficiency (6) . The sa~e me~hods were used to evaluate radioactivity in serum and m weighed portions of skeletal muscle dissected from the prox~mal hind li~b.
For subcellular distribution studies, freshly dissected brams were immediately immersed in ice cold 0.32 M sucrose (one part brain, nine parts sucrose, wt!v), homogenized"and centrifuged at 1000 x g to remove debris and nuclei. The supernatant. phase (SI) was layered on discontinuous sucrose gradients, ce~tnfuged~nd the layers separated. All steps were carried out at 4 C accordmg to previously described procedures (6,. 7) . P~rtic~es were separated from individual fractions after centnfugatlOn m 10-18 volumes isotonic Krebs buffer. As in the case of previous studies in adult animals (6, 7), brain cytosol was defmed as that portion of .SI localized in the upper, 0.32 M sucrose layer of the sucrose denSity gradient, from which layer microso~al particl~s were· sep~rated by centrifugation at 100,000 x g. AlIquot portions of. bram homogenates and subcellular brain fractions and particles were frozen and reserved for further analyses including measurement of radioactivity. Redistribution of radioactivity during the ho~og enization and separation procedures was evaluated by addmg a mixture oflabeled iodocompounds (r, T4, T 3 ) to 0.32 M sucrose rate of accumulation of radioactivity in brain tissue as compared for example, with skeletal muscle, indicates that local processes within the brain are the most important determinants of its net iodocompound levels.
Ontogeny of iodocompounds* in different brain regions. Previous studies of adult brain have demonstrated nonuniformity of iodothyronine uptake (6), metabolism (6, 18) , and nuclear binding capacity (26) in different brain regions. In the present studies, we sought to determine whether there were any regional differences in iodocompound* localization in immature brain, and whether regional changes occurred as a function of early development. For this purpose, five distinct anatomic subdivisions of the brain were examined at intervals from the 1st through the 19th day of life. Data set forth in Table I revealthat at every time interval studied, iodocompound* concentrations' in hypothalamus were significantly lower than in all other regions. Values in all brain regions increased significantly over time. During the second phase, the rate of increase in iodocompounds* varied significantly in each in which brains obtained from unlabeled pups of corresponding age were homogenized. Subsequent separation procedures were performed exactly as described for in vivo labeled brains (7) . Protein concentrations of tissues and subcellular components were calculated from measurements made according to the method of Lowry (20) or from nitrogen concentrations, using a Heraeus nitrogen analyzer kindly loaned to us by the Mettler Instrument Corporation.
Data analysis. Because it was accepted at the outset that the sources and amounts of stable iodine entering the milk during the nursing period were unknown and could not be ascertained, all data are exr.ressed as cpm X unit measuremenC I , corrected for decay of [12 Ij , and not as absolute concentrations of tissue iodine. Rates of iodocompound* accumulation were noted to sort themselves into two distinct phases, the first extending from day I until the midpoint of the nursing period (approximately day 10), and the second from midpoint to just before self-weaning at approximately 19 days of age. In each of the two phases, we evaluated changes in body weight (g/day), brain weight (mg/day), brain protein (mg/mg tissue/day), and iodocompounds* (cpm/mg tissue) in brain, skeletal muscle, thyroid, and serum. To facilitate comparisons among parameters measured in different units, data for any given day were expressed as ratios of the mean value on day I. Slopes of least squares straight line were used to approximate rates of increase in these measurements in each phase. In the case of brain components shown in Figure 8 , % of day 4 values was used because day I values were highly variable. The method of Newman-Keuls (30) was used to analyze differences among different brain regions, and among different subcellular brain fractions. Overall reproducibility of the results was verified in three separate experiments initiated at different seasons of the year.
RESULTS

Effects of the labeling regimen on body and brain growth rates.
Earlier experiments describing developmental progress of rats chronically receiving [ 125 Ij-Iabeled milk from dams maintained on a low-iodine diet, revealed that chronic exposure to radioactivity produced changes in body growth rates only measurable at later milestones in development, particularly in males, without any evident defects appearing during the nursing period (4) . In the present, as in the previous experiments, body weights were similar in radiation-exposed pups and in the non-irradiated controls through day 19 of life ( Fig. I, upper panel) ; moreover, chronic [' 25 Ij-treatment produced no discernible changes in brain weights during this period (Fig. I, lower panel) .
Iodocompound ontogeny: overview. Iodocompound* levels in brain, serum, thyroid gland, and skeletal muscle increased through day II (phase I). Thereafter, a different rate ofiodocompound* increase was noted until the time of beginning self-weaning, at approximately the 19th postnatal day (phase 2).
In serum, concentrations of radioactivity increased more rapidly in the first phase of the nursing period, whereas in brain, the increase was more rapid in the second phase (Fig. 2) . Iodocompound* content of the thyroid gland increased by 54%/day (r = 0.937) and 32%/day (r = 0.624) during phase I and 2 respectively, therein resembling the pattern of change in serum, whereas the corresponding values for brain content were 79%/day (r = 0.976) and 145%/day (r = 0.886). During both phases, the average rate of iodocompound* build-up in brain was notably faster than the rate of increase in brain weight or brain protein content (Fig. 3) .
In order to compare neural tissue with a relevant somatic tissue, iodocompound* concentrations in cerebrum and skeletal muscle were compared during phase two (31). As seen in Figure 4 , the ratio of cerebrum to muscle radioactivity increased slowly (by 4%/ day), but significantly (1' < 0.001) with time. Because the bloodbrain barrier in the rat becomes more active after about 14 days of postnatal life (for a recent review, see Ref. no. 2), the rate of iodocompound uptake into brain may actually fall during the last phase of the nursing period; however, the progressively greater These observations in vivo, are extended by recent in vitro evidence of Kaplan and Yaskoski (19) , showing distinctively different maturation-dependent patterns of thyroxine metabolism in rat hypothalamus, cerebellum, and cerebrurri. Although brain increases in mass during the first 3 wk of postnatal life, increasing cytoarchitectural complexity is the most important feature of this phase of brain development (21). Many investigators attribute at least some aspects of evolving brain complexities to the actions of thyroid hormones (21,25); therefore the observed differences of iodocompound* accumulation in different brain regions may be correlated with locally-mediated iodocompound-dependent aspects of neural development.
Ontogeny of iodocompounds* in subcellular brain particles. In view of evidence for differential localization of triiodothyronine in synaptosome-enriched fractions of adult rat brain (6, 7), we examined the subcellular distribution of iodocompounds* in SI of brain homogenates during early development. Through the 4th day of life, subcellular particles in brain SI are reported to exhibit considerable variability in their sedimentation characteristics, leading to difficulties in interpreting results of density gradient separation during the first few days of life (14, 17) . We too observed that the appearance of the SI gradient profiles and the behavior of particles retrieved at sucrose density interfaces through day 4 were different from those seen in experiments using older rats; however, even on day I, it was possible to differentiate between the cytosol fraction (0.32 M layer of sucrose density gradient after removal of particles sedimenting at 100,000 x g) and the total particulate components of 81. As seen in Figure 5 , only 10% of the total SI radioactivity was found in particles on day I; during successive days the proportion of radioactivity in particles increased daily, amounting to more than 50% of SI by the 18th day of life (all differences significant, P < 0.001).
After the 4th day, when results of SI fractionation on discontinuous sucrose density gradients became reproducible from one group of rats to another, clear-cut evidence of a steady evolution in differential localization of labeled iodocompounds in the various brain fractions emerged. Particles present within individual fractions were recovered by centrifugation in a standard manner, after dilution of each separated brain fraction with 0.3 M Krebs phosphate buffer (29) . The ratio of radioactivity in the pellet (P) to radioactivity in the supernatant (S) averaged 1.8, 2, and 6 for mitochondria, myelin, and synaptosomes, respectively, whereas P: 8 for microsomal particles did not exceed 1 at any time and averaged only 0.25. Therefore, without correcting for contamination of the microsomal pellet with cytosol, iodocompound* levels in these particles could not be estimated.
As shown in Figure 6 , radioactivity in individual particulate components per g brain changed in a distinctive manner as the animals matured. Increases in radioactivity were most notable in osmotically sensitive particles sedimenting like synaptosomes and to a lesser extent in osmotically resistant particles behaving like myelin. In particulate fractions enriched in mitochondria the rate of change was much slower and less prominent.
The distribution of iodocompounds* added during homogenization of unlabeled rat brain was measured and compared with that seen in in vivo labeled brains. The results shown in Figure 7 indicate that most of the added radioactivity remained in the microsomal fraction (cytosol plus microsomes) and that only a small % became associated with myelin, synaptosomes, and mitochondria.
Because the first 3 wk of life encompass a period of rapid increase in nerve terminal density and in degree of myelination (24) , it was of interest to evaluate the growth of these components as reflected by their increasing protein content. Figure 8 demonstrates that the rate of accumulation of iodocompounds* and of protein in the cytosol fraction was similar throughout the period of observation, whereas increases in iodocompounds* far out- stripped increases in protein content of particles behaving like synaptosomes as well as of those considered to be myelin. Therefore, these ontogenetic studies provide evidence for progressive enrichment ofiodocompounds in brain structures (nerve terminals and myelin), which are known to exhibit serious abnormalities as a consequence of perinatal thyroid hormone deficiency. During gestation, maternal-to-fetal iodine exchange takes place across the placenta. After birth, dietary iodine needs of the nurslings are met through the powerful iodide-concentrating and delivering capacity of the lactating breast (3) . Iodide in the circulation of the offspring is subject to further processing in the thyroid gland. The products are ultimately metabolized peripherally according to the requirements of individucal cells and tissues (23) . There is no certainty about the nervous system processes mediated or about the role of individual iodocompounds at different stages of normal brain development. All investigators agree that certain iodothyronines are essential but some have suggested that iodide itself (16) as well as iodotyrosines (12) or iodoproteins (9) may playa prenatal role, possibly at a late fetal stage.
Unlike the controversy originally surrounding their action in adult brain, the literature suggests agreement that, at least during a so-called critical period of rat brain development, iodocompounds act directly within the nervous system (27) . It seemed worthwhile to gain further information regarding the localization of iodocompounds reaching the brain during this period, because -c:
a.. 25 Il-labeled iodocompounds (r, T4, and T 3 ). Thereafter, brains with added radioactivity were handled exactly as described for in vivo labeled brains. (x---x), Unlabeled rat brain and added iodocompounds*; and (e---e), in vivo labeled rat brains. such an approach had been fruitful in the case of adult animals (6, 7). Use of the relatively nonstressful technique of chronic perinatal [125]I_labeling (4) yielded consistent and coherent measurements of the distribution and relative rates of accumulation of iodocompounds* in different regions and subcellular fractions,of the growing brain. Because the time required for equilibration of the labeled iodine compounds with the preexisting iodine compounds was not known, iodocompound* changes noted in these experiments could not be correlated with changes in total iodocompound pools. The conditions of the experiments (low iodine diet, coupled with daily administration of labeled iodide, initiated when fetal thyroid activity is first established) and the known rapid rate of iodocompound turnover during late pregnancy and lactation (10) would facilitate rapid equilibration. Nevertheless, in interpreting our data, we proceeded on the assumption that equilibration had not occurred and made judgments only from comparative measures. For example, it was reasonable to conclude that as compared with brain cytosol, iodocompound-processing nerve endings became progressively more efficient in concentrating and/or in storing iodinated substrate(s) during the course of early postnatal development. This conclusion was based on the observation that the rate of increase of iodocompounds* and protein in btain cytosol was quite similar whereas marked enrichment of iodocompounds* relative to protein in synaptosomes occurred over the same period. Recent observations in vitro are consistent with this interpretation, in that specific synaptosomal triiodothyronine-binding sites are reported to increase in number during the course of early postnatal development (22) . Although only accumulation of total iodocompounds* are reported in this communication, individual iodocompounds* in skeletal muscle, serum, brain as well as in brain regions,subfractions, and particles were measured systematically during the course of the nursing period. The results of those analyses will be described in a separate communication (Crutchfield, F. L., Dratman, M. B. and Gordon, J. T., unpl;j.blished observations). Although they served to sharpen the focus ofthe·.evidence, they did not alter any of the conclusions inferred from the present data.
On the basis ofthe observations made in these studies,it appears that the elaboration and maturation of discrete iodocompoundprocessing neural systems is one of the important ontogenetic processes occurring during normal development of the rat brain. The evidence suggests thatelements of such systems were already present at birth, in thal.differential regional iodocompound* localization and metabolism (19) were noted on day 1 ,of life. These systems then became progressively more defmed over the first wk and continued to evolve slowly throughout the rest of the nursing period. At the time of weaning, they resembled but were not yet identical with the fully mature triiodothyronine-processing neural systems previously described in adult rat brain (5, 8) .
